Introduction
The human epidermal growth factor receptor 2 (HER-2) is a tyrosine kinase coupled receptor with a corresponding gene located on the long arm of chromosome 17q12-q21. HER-2/neu (HER-2) proto-oncogene amplification and the resultant protein overexpression are present in ~10%-15% of primary invasive breast cancers, surmising an overall more aggressive cancer phenotype, essentially imparting a worse prognosis and submit your manuscript | www.dovepress.com
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Frithiof et al short survival. 1 HER-2-positive tumors show an increased inclination toward developing resistance to chemotherapy, while also being more common in younger patients. 2, 3 This subgroup of patients, as identified by immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) analysis of the primary tumor, benefit from immunotherapy with a monoclonal antibody trastuzumab (Herceptin ® ), which specifically targets the extracellular domain of HER-2. Treatment leads to a significant increase in patient survival when used concomitantly with chemotherapy in the adjuvant setting. [4] [5] [6] HER-2 classification is largely based on analysis of the primary tumor tissue. However, malignant cells tend to alter their phenotype during the course of disease progression, thus the tumor profile as defined by biopsies resected at one stage will not necessarily outline future phenotypical shifts. This is emphasized by previous findings of discordance rates of 7%-37%, comparing HER-2 status in primary tumors with corresponding metastases. [7] [8] [9] [10] [11] [12] [13] In this context, analysis of circulating tumor cells (CTCs) represents an accessible alternative to iterative biopsies. CTCs are malignant cells that detach from the primary tumor or metastases and are detected in the blood stream of patients with both early and late stage carcinomas. Studies have suggested that both HER-2 activation and deactivation during breast cancer progression is possible, as indicated by isolation of HER-2-positive CTCs in patients initially classified as HER-2 negative and vice versa, based on primary tumor protein expression and/or HER-2 amplification. [14] [15] [16] These observations argue that the true number of patients eligible for HER-2-targeted immunotherapy is in fact higher. Additionally, continuous evaluation of HER-2 status in CTCs might be a well-suited, clinically valid surrogate marker in the setting of minimal residual disease.
During the last decade, the enumeration of CTCs has been acknowledged as an important prognostic tool in predicting progression-free and overall survival in metastatic breast cancer (MBC), as well as a prognostic factor for early breast cancer in terms of recurrence-free and overall survival. 17, 18 However, studies of predictive strength related to the number of CTCs in the subset of patients with HER-2-positive disease treated with targeted therapy are not quite as unanimous, with slightly deviating results depending on selected numerical CTC cutoff values. 19, 20 This is largely contributed to the propensity of anti-HER-2 therapies in substantially decreasing the CTC quantity and improving patient prognosis.
The gold standard technology for CTC isolation is the Food and Drug Administration (FDA)-approved CellSearch technology (Janssen Diagnostics, Raritan, NJ, USA), which relies on epithelial cell adhesion molecule (EpCAM)-based immunomagnetic separation and has previously been described in detail elsewhere. 21 Our group has recently published a consistent immunofluorescence (IF)-based method for simultaneous HER-2 and estrogen receptor (ER)-α protein analysis in MBC patient CTCs, based on the CellSearch platform. 22 While IHC is extensively used in the clinic for initial HER-2 assessment, FISH is considered the benchmark test within this particular field. Clinically, FISH is superior to IHC in predicting response to HER-2-targeted immunotherapy in breast cancer patients. 23 HER-2 protein assessment can be performed using the CellSearch system, whereas no known protocol is established for FISH-based analysis with this platform. Previous data on HER-2 status by FISH from primary tumors and CTCs are not derived from the CellSearch system but from a non-FDA-approved method which is not commercially available. 14, 15 We sought to extend the possibility to determine HER-2 status in CTCs captured with the widely used, FDA-approved CellSearch system by developing a protocol for assessment of HER-2 amplification. The aim of this study was to optimize a FISH-based method to quantitatively determine HER-2 amplification in CTCs from patients with MBC following CellSearch-based isolation.
Methods CellSearch
The CellSearch system is a semiautomated assay based on immunomagnetic separation involving positive selection of CTCs by means of magnetic ferrofluid-associated antiEpCAM antibodies. 24 This technique defines CTCs as cells with an intracellular nucleus, a size of at least 4×4 μm 2 , and positive for cell markers EpCAM, cytokeratin (CK) 8, 18, or 19, while negative for the leukocyte-specific surface protein, cluster of differentiation 45 (CD45). 21 
Patients
Ethical permission for the CTC-MBC study was obtained from Lund University Ethical Board (EPN 2010/135) and all patients gave a written informed consent.
All patients had MBC and had been included before start of first-line systemic therapy in the ongoing CTC-MBC trial (NCT01322893) at Lund University, Sweden. In this trial, serial sampling is performed prior to, and after disease progression, enabling evaluation of biomarker changes in CTCs related to progressive disease. Patient selection OncoTargets and Therapy 2016:9 submit your manuscript | www.dovepress.com
Dovepress
7097
Assessment of HER-2 amplification in CTCs in the present study was based on the premise of having detectable CTCs with CellSearch analysis, either at baseline or 3-12 months from baseline.
Cell lines and in vitro model design
HER-2 amplification in CTCs using CellSearch was calibrated through peripheral healthy donor blood-spiking experiments with EpCAM-positive breast cancer cell lines MCF-7, SKBr-3, and BT-474. SKBr-3 and BT-474 are both HER-2 positive, while MCF-7 is HER-2 negative and was therefore selected as a negative control. Short tandem repeat-authenticated cell lines were obtained from the American Type Culture Collection (ATCC/LGC Standards GmbH, Wesel, Germany). These cells were grown in a 5.0% CO 2 incubator under ultraviolet light at 37°C in culture vessels containing 5 mL media. MCF-7 cells were grown in 5 mL minimum essential medium with Earle's balanced salt solution (HyClone Laboratories, Inc., Logan, UT, USA) medium supplemented with 1% sodium pyruvate, 1% nonessential amino acids, 10% fetal bovine serum (FBS), and 1% penicillin-streptomycin mixture (Pen-Strep). SKBr-3 and BT-474 cells were cultured in Roswell Park Memorial Institute 1640 (HyClone Laboratories, Inc.) supplemented with 10% FBS, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 1% Pen-Strep. Harvesting of cells was performed at ~80%-90% culture confluence after 5-10 min trypsinization.
Peripheral blood samples were processed within 24 hours from withdrawal, and spiking of cells occurred just prior to CellSearch analysis. Approximately, 7.5 mL of healthy donor blood was spiked with cell dilutions of ~2,000 cells and the sample was subsequently processed with the CellSearch Profile kit according to the manufacturers' protocol. 24 
CTC-dropMount
The enriched samples were mounted on individual glass slides using an in-house developed procedure, denoted CTC-DropMount. 22 Briefly, the CTC-containing solution (~900 μL) was transferred to a 1.5 mL Eppendorf tube and placed in a magnetic tray. Following 10 min incubation, the nonadherent solvent was removed. The cells were resuspended in 10 μL of 1× phosphate buffer saline and mounted on superfrost slides (ThermoScientific, Germany) which were incubated at 37°C for 30 min. Fixation was accomplished by immersing the slides in 100% methanol for 5 min. The samples were stored at −20°C. Using a triple IF staining protocol tailored for CTCs, the samples were assessed for expression of CK/phycoerythrin (PE), ER-α/AlexaFluor488, CD45/ allophycocyanin (APC), and 4′,6-diamidino-2′-phenylindole (DAPI). Each slide was individually assessed and scanned with a fluorescence microscope; areas containing CTCs were outlined in the image to assure subsequent location and identification of CTCs following FISH staining. That is, cells positive for the expression of CK, DAPI, and simultaneously negative for the leukocyte-specific marker, CD45. This step is imperative because FISH treatment obliterates any remaining IF stain in the sample. Following IF staining, the samples were stored at +4°C. The recovery rate of CTC-DropMount has previously been found to be 87% on average, using CellSearch Profile analysis from whole blood. The immunostaining procedure for assessment of CK, CD45, ER-α, and HER-2 was described in detail in an earlier study. 22 FISh protocol for HER-2 amplification in breast cancer CTCs Pretreatment, denaturation, hybridization, and staining of slides were adjusted based on the FDA-approved HER2 IQFISH pharmDx assay, and the IQISH hybridization buffer chemistry provided by Dako (Dako Denmark A/S, Glostrup, Denmark).
The optimized procedure protocol for CTCs is detailed in Table 1 . Cell fixation was evaluated in pure methanol (#I659409, Merck KGaA, Darmstadt, Germany), 1% formaldehyde, and a mixture of methanol and acetate (3:1). Cell permeabilization was achieved using Dako Target Retrieval solution containing Tris/ethylenediaminetetraacetic acid buffer solution pH 9.0 and detergent (#20020172, Dako Denmark, A/S); incubation times assessed were 5-15 min at 37°C or 95°C. Incubation times assessed for the pepsin treatment were 2-15 min, at either room temperature or 37°C. Chromosome enumerator probe 17 (CEP-17) labeled with fluorescein-conjugated peptide nucleic acids, and the HER-2-specific probe conjugated with TexasRed were provided by Dako. Slides were counterstained and prepared with mounting medium containing DAPI.
HER-2 amplification analysis was performed at 60× magnification with an Olympus BX63 microscope (Olympus Optical CO., Hamburg, Germany) equipped with a digital DP80 camera and single pass filters for DAPI, GFP/Alexa488, and PE/TexasRed. HER-2-amplified CTCs were defined as having a HER-2/CEP-17 ratio of .2, or with average HER-2 copy number $6 signals per cell, according to current breast cancer pathology recommendations. 25 In vivo validation 
Results
CTCs were defined according to CellSearch criteria, as nucleated (DAPI+), epithelial (positive for CK 8, 18, or 19), and CD45 negative. The protocol for assessment of HER-2 amplification status in CTCs by FISH was verified in breast cancer cell line cells with known HER-2 status (Table 1) . Turnover time for FISH staining was ~4 hours. Fixation by pure methanol was deemed superior compared to 1% formaldehyde or methanol/acetate (3:1) mixture by visual inspection, showing consistently higher preservation of cellular morphology. The procedure was considered optimized in regards to pretreatment, denaturation, and hybridization, when both SKBr-3 and BT-474 were consistently stained HER-2 amplified, and MCF-7 was non-amplified, while maintaining nuclear and cytoplasmic integrity (Figure 1 ). Cell permeabilization proved most effective at the higher temperature (95°C), with an incubation time of 10 min. A shorter interval or lower temperature (37°C) resulted in less technical reproducibility, with higher intercellular variation in HER-2 amplification status in the HER-2-positive cell lines. Pretreatment with pepsin showed similar results in cell line samples up to 5 min, but patient samples proved too fragile for treatment .2 min with cellular distension and increased loss of nuclear membrane integrity beyond this point. A slight background staining was unavoidable in all samples, due to some remaining ferrofluid microparticles. HER-2/CEP-17 ratios in the HER-2-positive cell lines were consistent with previous research works; SKBr-3 had 4-to 8-fold amplification, and BT-474 had 6-to 10-fold amplification. Washing with iced phosphate buffer saline 10.0% (v/v), 3×3 min following this step. b This step could also be accomplished using an automatic hybridizer, described here is the manual procedure. Abbreviations: CeP-17, chromosome enumerator probe 17; CTC, circulating tumor cell; dAPI, 4′,6-diamidino-2′-phenylindole; FISH, fluorescence in situ hybridization; heR-2, human epidermal growth factor receptor 2; A/S, stock-based company; RT, room temperature.
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Assessment of HER-2 amplification in CTCs
The method was assessed in eight clinical samples (Table 2) for patient characteristics including phenotypes of primary tumor and metastasis, total number of CTCs detected, and results of FISH HER-2 analysis. All baseline samples were HER-2 negative, whereas one patient presented with HER-2-amplified CTCs during treatment for MBC. Initially, this patient (no 3, Table 2 ) had no detectable CTCs with HER-2 amplification, however, at 3 months follow-up one 
Discussion
Although a quantitative approach to CTCs has its confirmed merits in regards to patient prognosis, phenotyping, and in-depth genomic analysis of these rare cells remain a potential source of clinically vital information for selection of systemic therapy, representing a largely unexplored area of contemporary cancer cytopathology.
In the present study, we aimed to set up a method for assessment of HER-2 amplification status in order to further define CTCs in patients with MBC following isolation with the CellSearch technology. The procedure was initially calibrated using established breast cancer cell lines added to healthy donor peripheral blood, followed by in vivo validation in samples obtained from patients with MBC. Furthermore, this method has the advantage of combining assessment of total number of CTCs and morphological evaluation along with staining of CK, CD45, and ERα, prior to FISH of HER-2 amplification, 22 thereby ultimately extracting abundant clinically important information from a minute sample of 7.5 mL blood.
HER-2 is commonly considered the second most important prognostic and treatment predictive biomarker in breast cancer. Discordance in HER-2 expression when comparing primary tumor with metastases is frequently described in the literature, varying from 7% to 37%. [7] [8] [9] [10] [11] [12] [13] This is often attributed to genuine changes in tumor biology: signifying clonal selection caused by systemic therapy, intratumoral heterogeneity, or differential shifts in expansion of breast cancer stem cells. [27] [28] [29] Theoretically, an early cancer stem cell or an aggressive non-stem cell subclone may migrate to a distant site and establish a metastatic lesion with features distinctly separate from those of the primary tumor. Heterogeneity may also in part be explained by the inherent genetic instability in breast cancer cells. In contrast, Pusztai et al have previously advocated that common technical confounders, such as sampling errors due to tumors containing several foci with different receptor statuses, and inadequate accuracy and variable reproducibility of receptor analyses should also be taken into account when comparing primary tumors and secondary lesions or CTCs, in regards to either HER-2 or hormone receptor status. 30 This underlines the importance of adhering to established guidelines for biomarker analysis also in metastatic tissues and CTCs.
In an exploratory study, Meng et al were among the first to determine HER-2 amplification in breast cancer CTCs using FISH after immunomagnetic separation and identification Table 2 ). Abbreviations: CeP-17, chromosome enumerator probe 17; CTC, circulating tumor cell; dAPI, 4′,6-diamidino-2′-phenylindole; FISH, fluorescence in situ hybridization; heR-2, human epidermal growth factor receptor 2.
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Assessment of HER-2 amplification in CTCs of CTCs under the microscope. They proposed that gene amplification can be acquired as cancer progresses, as 10 of 24 patients with an HER-2-negative primary tumor acquired CTC HER-2 amplification during disease progression. 14 Other studies using CellSearch in combination with integrated IF staining of the HER-2 protein supported these findings, reporting CTC HER-2 discordance rates of HER-2 protein expression ranging between 18% and 42% in patients with HER-2-negative primary tumors. 16, [31] [32] [33] However, no method for downstream HER-2 analysis by FISH after CTC isolation with the CellSearch system has been reported. Consequently, no data on HER-2 status by FISH comparing primary tumors and CTCs isolated by CellSearch have been presented. Swennenhuis et al utilized a modified CellSearch system, fixating CTCs from patients with metastatic prostate cancer within the magnetic cartridge following complete CellSearch analysis, then using FISH analysis for successful characterization of different chromosomal aberrancies, not including HER-2 amplification. 34 However, this particular method was associated with high levels of cellular disintegration, mainly attributed to apoptosis of CTCs, which partly restricts its analytical validity.
The major drawback of using IHC as means of HER-2 determination in CTCs is unspecified accuracy; also, the cutoff values regarding staining intensity are less than obvious. In contrast, FISH has clearly defined criteria in what constitutes amplified versus non-amplified cells according to established guidelines. Acknowledging the fact that the sample size in the present study is small, and its intentions being primarily exploratory, the results nonetheless indicate a clinical potential of the method in identifying patients eligible for HER-2-targeted treatment based on CTC HER-2 status. One out of the six patients included in the in vivo validation procedures seemingly acquired HER-2 amplification during treatment against metastatic disease (Table 2) . While initially being classified as CTC HER-2 negative at baseline, the following two sequential samples revealed CTCs with HER-2 amplification. The start of systemic treatment substantially reduced the number of CTCs in this patient, starting at 124 detected cells at baseline, followed by 13 and 8 CTCs detected at 3 and 6 months follow-up, respectively. Hypothetically, the additional selection pressure represented by a novel treatment regime may in turn have exposed and contributed to intratumoral conditions favoring clonal selection of HER-2-amplified cells. In this patient, it is conceivable that the addition of HER-2-targeted therapy could aid in further suppression of the disease. All the remaining patients demonstrated CTCs without detectable HER-2 amplification.
Underlining the relevance of accurate HER-2 analysis in CTCs as well as the clinical potential of alterations in CTC HER-2 expression during disease development, several large-scale prospective interventional trials are currently investigating the predictive importance of such findings. 35 The DETECT III trial (NCT016119111) is a two-arm phase III study assessing whether patients with HER-2-negative metastatic disease, but with $1 HER-2-positive CTC as identified by IF, benefit from treatment with HER-2-targeted therapy with lapitinib. Based on the same premise, the CirCe T-DM1 trial (NCT01975142) explores the validity of HER-2-amplified CTCs, also taking into account the number of detected CTCs with amplification (either 1-4 or $5), in selecting MBC patients initially classified as HER-2 negative for combined trastuzumab emtansine (T-DM1) treatment. The method for combining CellSearch with FISH and the specific FISH protocol used in this study is not publically available. Treat CTC (NCT01548677) is another multicenter trial involving CTCs, focusing on patients with HER-2-negative non-metastatic disease and $1 detectable CTC, regardless of their HER-2 status, in peripheral blood. The rationales for this study are findings indicating that adjuvant treatment with trastuzumab may benefit patients irrespective of HER-2 amplification status in the primary tumor, applying CTCs as a surrogate marker for response to therapy. 36, 37 This trial uses detectable level of CTCs at 18 weeks from inclusion as a primary endpoint.
Conclusion
HER-2 amplification status of CTCs was possible to determine following CellSearch isolation and further enrichment in a minute blood sample applying the presented protocol, defining HER-2 amplification according to clinical guidelines. This assay has the potential of identifying patients with a shift in HER-2 status from primary tumors to CTCs isolated by the CellSearch system. These patients may in the future benefit from treatment adjustments if ongoing trials are able to show that treatment predictive information for HER-2 directed therapy can be obtained from HER-2 status on CTCs. The clinical utility of determining HER-2 status on CTCs following CellSearch isolation warrants confirmation in larger cohorts of patients with MBC with detailed information on treatment and follow-up.
